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ABSTRACT
We present the novel design of microfabricated, silicon-substrate based mirrors for use in cryogenic Fabry-Perot
Interferometers (FPIs) for the mid-IR to sub-mm/mm wavelength regime. One side of the silicon substrate will
have a double-layer metamaterial anti-reflection coating (ARC) anisotropically etched into it and the other side
will be metalized with a reflective mesh pattern. The double-layer ARC ensures a reflectance of less than 1% at
the surface substrate over the FPI bandwidth. This low reflectance is required to achieve broadband capability
and to mitigate contaminating resonances from the silicon surface. Two silicon substrates with their metalized
surfaces facing each other and held parallel with an adjustable separation will compose the FPI. To create an
FPI with nearly uniform finesse over the FPI bandwidth, we use a combination of inductive and capacitive
gold meshes evaporated onto the silicon substrate. We also consider the use of niobium as a superconducting
reflective mesh for long wavelengths to eliminate ohmic losses at each reflection in the resonating cavity of the
FPI and thereby increase overall transmission. We develop these silicon-substrate based FPIs for use in ground
(e.g. CCAT-prime), air (e.g. HIRMES), and future space-based telescopes (e.g. the Origins Space Telescope
concept). Such FPIs are well suited for spectroscopic imaging with the upcoming large IR/sub-mm/mm TES
bolometer detector arrays. Here we present the fabrication and performance of multi-layer, plasma-etched, silicon
metamaterial ARC, as well as models of the mirrors and FPIs.
Keywords: Fabry-Perot interferometer, etalon, metal mesh, silicon substrate, metamaterial, anti-reflection
coating, deep reactive ion etching
1. INTRODUCTION
Fabry-Perot Interferometers (FPIs) are used in many spectrometers where throughput (Jacquinot advantage)
and spatial multiplexing is important. In the infrared to millimeter regime, cryogenic scanning FPIs have been
used within many cutting-edge astrophysical instruments including ground-based mid-IR1 and sub-mm2 imaging
FPIs, airborne far-IR single beam and imaging FPIs3–5 and in the Infrared Space Observatory.6 A FPI consists
of two highly reflective surfaces held parallel to each other, forming a high quality factor resonance cavity known
as an etalon. To date, all FPIs used for astrophysics in the far-IR to sub-mm bands have relied on mirrors
made from free-standing metal mesh which are stretched on stainless steel or nickel metal rings. Metal meshes
behave as frequency dependent filters for wavelengths longer than the mesh’s grid constant (pitch). A mesh of
horizontal and vertical metal wires acts as a high-pass filter and is known as an inductive mesh. An array of
metal patches acts as a low-pass filter and is known as a capacitive mesh but these cannot be fabricated without a
mesh substrate. The filter response of a mesh is well controlled by adjusting the geometry of the mesh elements.
Etalons made with gold flashed free-standing inductive meshes can achieve typical finesses of ∼50 and an overall
transmission of ∼ 70%.
Further author information: (Send correspondence to N.F.C.)
N.F.C.: E-mail: nc467@cornell.edu, Telephone: 1 607 255 0833
ar
X
iv
:1
80
7.
06
01
9v
1 
 [a
str
o-
ph
.IM
]  
16
 Ju
l 2
01
8
The mirrors discussed here will be lithographically patterned metal meshes on a silicon substrate. Silicon-
substrate based mirrors promise significant improvements over free-standing metal meshes in bandwidth and
mechanical stability. Free-standing meshes have a very small periodicity (∼ λ/3) and are therefore very fragile.
Strength can be increased by enlarging their wire thickness but this increases their reflectivity and absorptivity,
degrading their overall performance. In order to meet mirror flatness requirements, free-standing meshes are
typically made of gold flashed nickel in order to withstand high stresses due to stretching. The gold flashing
typically has a surface roughness ∼ 1µm which can cause different positions in the cavity to resonate at different
wavelengths. Free-standing meshes are limited to the inductive mesh geometry which has a strongly wavelength-
dependent reflectivity and therefore have a strongly wavelength-dependent finesse since F = pi
√
R/(1−R). This
greatly limits the bandwidth of a free-standing metal mesh FPI since finesses less than 20 have low spectral
purity and can cause inter-order leakage, while finesses greater than 70 have too little transmission due to the
absorptivity of the meshes. Typical free-standing metal mesh FPIs are limited to bandwidths of ∼ 1 : 1.6 while
our applications require bandwidths of ∼1:2.
The structural stability and flexible fabrication techniques of silicon-substrate based metal mesh mirrors can
mitigate these issues. Metal meshes will be lithographically patterned on flat silicon wafers, eliminating the
fragility and flatness issues of free-standing meshes. The crystalline structure of silicon will also limit substrate
vibrations to high frequencies, even for large diameter samples. The maturity of lithographic technologies for the
silicon industry will enable flexibility in the mesh design by allowing any combination of inductive and capacitive
geometries. Additionally, high resistivity silicon has a low loss tangent in the far-IR and millimeter, making it
an ideal substrate for high-throughput devices.
However, because of silicon’s high index of refraction, the mirror substrates require an anti-reflection coating
(ARC) to mitigate Fresnel reflections. Dielectric films with specific indices and thicknesses can be used as
ARCs. However, their indices are difficult to control and the mismatched coefficients of thermal expansion
(CTEs) between the films and silicon make them a challenging technology for cryogenic mirrors which have a
strict flatness requirement. As an alternative, silicon metamaterial ARCs have been developed and successfully
deployed on telescope instruments, such as ACTPol and AdvACTPol.7 Metamaterial ARCs consist of three
dimensional sub-wavelength structures on the surface of the silicon optic. Precision micromachining techniques
enable the fabrication of quarter-wavelength ARCs with an effective index determined by the micromachined
geometry. Stacking multiple quarter wavelength layers provides wider bandwidth ARCs.8
This paper discusses the development of silicon-substrate based metal mesh mirrors for use in scanning FPIs
in upcoming ground (e.g. CCAT-prime9,10), air (e.g. HIRMES11,12), and future space-based spectrometers
(e.g. NASA’s Origins Space Telescope concept13). Scanning FPIs on HIRMES (25 − 122µm) will be used to
observe atomic and molecular lines in proto-planetary disks to study planet formation. In addition, HIRMES
will map nearby galaxies in fine-structure lines to investigate the link between large scale galaxy properties and
star forming regions as well as the properties of galactic centers.11,12 CCAT-prime will use scanning FPIs for
one of its main science goals which is to study the epoch of reionization of the the universe via [CII] intensity
mapping in the 750− 1500µm regime9,10
2. DESIGN
2.1 Metal Meshes
Metal meshes have been used and studied as reflective filters and polarizers for microwave and infrared instru-
ments since the mid-1900s.14,15 Empirical studies have related the geometric properties of meshes to lumped-
element circuit parameters to develop transmission line models of the meshes’ optical transmittance, reflectance,
and absorptance.14,16,17 Modern metal mesh design is primarily performed using software packages such as
Computer Simulation Technology Microwave Studio (CST-MWS) or ANSYS High Frequency Structure Simula-
tor (HFSS) which numerically solve Maxwell’s equations for a given unit-cell of the structure.18
For this paper, we discuss the use of CST-MWS to study the transmission of a unit cell of inductive and
capacitive gold meshes on silicon substrates at cryogenic temperatures. Figure 1 shows the unit cell construction
and the simulated transmittance of inductive and capacitive meshes on silicon. These simulations include the
1 K resistivity of gold (ρ = 2.2×10−10,Ω ·m)19 and a 10 nm thick chromium adhesion layer (ρ = 1.25×107,Ω ·m)
between the silicon and the gold that is necessary for fabrication. The thickness of the gold layer is 500,nm, much
greater than the skin depth of gold in our frequency bands of interest for HIRMES and CCAT-prime. The silicon
substrate is assumed to be a perfect dielectric (r = 11.7) with no absorptive losses. The filter responses of both
meshes are smooth for frequencies below the diffraction limit of the mesh. Diffraction occurs for wavelengths (in
the index of silicon) smaller than the mesh’s pitch.
Figure 1. Unit cell construction and CST-MWS transmittance simulation of inductive and capacitive meshes. The
vertical grey band denotes the bandwidth of interest for a CCAT-prime etalon.
Most metal mesh filters can be modeled with capacitive and inductive mesh structures. By combining these
two geometries, band-pass, band-stop, and multi-resonant filters can be constructed. For our purpose of wide
bandwidth reflectors for FPIs, we will not combine both element types and we will restrict ourselves only to
pure inductive or pure capacitive meshes whose reflectances are the most stable across wide bandwidths. In
general, the filling ratio of a unit cell of the mesh determines the mesh’s frequency-dependent transmittance and
reflectance.
In order to build an efficient FPI for a wide bandwidth, it is important for the mirrors to have a roughly
uniform reflectance of about 95% across the bandwidth so that the etalon quality factor remains flat across
the band. This is difficult to achieve over wide bandwidths using metal meshes because the capacitive and
inductive filters tend towards zero or unity reflectance.17 As an example for CCAT-prime, which requires an
octave of bandwidth around 300 GHz, we are modeling FPIs which consist of one mirror with a capacitive mesh
and another mirror with an inductive mesh. By combining the two mesh types, a flatter average reflectance is
achieved over the bandwidth. Simulation results of FPIs using the capacitive-inductive design will be discussed
below in Section 2.3.
2.2 Anti-Reflection Coatings
Silicon substrate mirrors for FPIs require very high-transmittance ARCs in order to mitigate Fresnel reflection
by the un-metalized substrate surface. Any reflections in the substrate or ARC could cause parasitic resonances
to leak into the FPI’s transmission. Current techniques for millimeter wavelength applications involve cutting
multi-layer pillar structures using dicing saw blades.7 Due to limitations on dicing saw blade thicknesses, this
method is challenging to scale to sub-mm and far-IR wavelengths. In Section 3.2 below, we discuss fabrication
methods to etch metamaterial ARCs for sub-mm and far-IR wavelengths.
The Fresnel reflection coefficient for normal incidence due to a thin film on a substrate can be shown to be
R =
(n1n3−n22)2
(n1n3+n22)
2 where n1, n2, n3 are the indices of refraction of the medium, film, and substrate respectively.
20
Thus, the reflection of a silicon (ns = 3.4) substrate in vacuum (n0 = 1) can be minimized with a film of index
n =
√
3.4. Reflections are minimized by tuning the thickness of the film such that it is a quarter-wavelength
(in the film index) of the frequencies of interest. This ensures that any reflections will destructively interfere
with the incoming wave, effectively impedance matching the substrate and medium. This single layer will
provide a narrow bandpass of nearly perfect transmission for wavelengths near the quarter-wavelength. The
bandwidth of maximum transmittance can be widened with additional layers of stepped indices. Figure 2 shows
the transmittance of single and double layer ARCs. The high-transmittance bandwidth is significantly widened
with the additional layer.
Our multi-layered metamaterial ARC design consists of a grid of concentric, stacked, square holes or pillars.
The four-fold symmetry of a square grid has zero cross polarization at normal incidence.21 We estimate the index
and thickness of each layer using a matrix formulation from the theory of layered dielectrics.22 The metamaterial
geometry of each layer is then estimated using an effective capacitive circuit model23 for each metamaterial layer.
The ARC is then simulated and optimized for the desired bandwidth in CST-MWS. In general, the index of
refraction of a single metamaterial layer is a function of the area filling fraction of silicon and scales either linearly
or quadratically depending on whether the geometry is holes or pillars.24,25
2.3 Fabry-Perot Interferometers
The full scanning FPI is simulated by combining our metal mesh and two-layer ARC models. The model consists
of two 500µm silicon wafers held 2.2 mm apart, both with two-layer ARCs on their outer surfaces. On their
inner surfaces, one wafer has a capacitive mesh and the other has an inductive mesh. Figure 3 shows the
transmittances of the individual meshes, the two-layer ARC, and the ARC-Si-mesh FPI. The ARC and metal
mesh geometries used in Figure 3 are given in Table 1. The FPI resonates for frequencies that are integer
multiples of the cavity’s fundamental frequency f0 =
c
2nd cos θ where c is the speed of light, n is the refractive
index of the cavity, d is the cavity spacing, and θ is the angle of incidence. The envelope of the resonances is
caused by the frequency-dependent ARC and metal mesh filters being too reflective outside the band of interest.
We explore the parameter space of metal mesh parameters in order to maximize the transmittance and flatten
the finesse across wider bandwidths.
We are also exploring the use of superconducting meshes instead of the traditional gold meshes. The finesse
of an FPI can be thought of as the average number of bounces between the etalon mirrors that a resonance
makes. At each reflection, ohmic losses decrease the resonance transmission. Free-standing meshes typically use
low loss-metals, such as gold, to improve their transmission. By using a superconductor, ohmic losses can be
further suppressed, and resonance transmission can be increased. The critical temperature of the superconductor
will limit the performance of the mirror for incident wavelengths with energies that exceed the binding energy
of the Cooper Pairs26
3. FABRICATION METHODS
3.1 Metal Meshes
We fabricate metal mesh filters using standard evaporation and lift-off lithography techniques. Negative lift-off
resist (AZ nLOF 2020) is exposed with the mesh pattern using an ABM contact aligner and then developed.
Figure 2. CST-MWS transmittance simulation of a single and double layer ARC. Both ARCs were designed for a center
frequency of 2940GHz. The vertical grey band denotes the bandwidth of interest for long wavelength HIRMES etalon.
The horizontal grey band denotes 99% transmittance.
Table 1. ARC and metal mesh geometries used for CST-MWS simulations in Figure 3. A 500µm thick silicon substrate
(perfect dielectric r = 11.7) separated the ARC and metal mesh. A 10 nm thick chromium mesh layer with the same
lateral dimensions of the gold meshes was placed between the substrate and the meshes in order to simulate the adhesion
layer.
Layer Pitch “p” (µm) Square size “w” (µm) Thickness (µm)
ARC upper layer 137.3 127.2 178.0
ARC lower layer 137.3 85.5 98.4
Gold capacitive mesh 171.3 164.4 0.5
Gold inductive mesh 171.3 101.1 0.5
The patterned resist is descummed using an Anatech oxygen plasma barrel asher. Next, 10 nm of a chromium
adhesion layer and 500 nm of gold are evaporated onto the patterned wafer using a CHA evaporator. The
wafer is then placed in a bath of Microposit 1165 remover and left for 24 hours or until the photoresist is fully
released. After rinsing and drying, the patterned metal mesh is microscopically examined for uniformity and
correct dimensions. Using contact lithography, feature sizes of ∼1µm can be achieved. Using stepper lithography,
feature sizes of ∼0.2µm can be achieved.
3.2 Anti-Reflection Coatings
We fabricate metamaterial ARCs by using deep reactive ion etching (DRIE) to construct the desired geometry.
DRIE is an anisotropic plasma etching technique used to etch silicon in the microfabrication industry. The
process allows etching of high aspect ratio vertical structures to depths ranging from hundreds of nanometers
to hundreds of microns. We etch metamaterial features into silicon wafers by applying etch masks to protect
patterns of the silicon. For a single layer ARC, we pattern a square grid of photoresist which protects the silicon
beneath it from being etched. For a double layer ARC, we stack silicon dioxide and photoresist etch masks
of different lateral dimensions before etching any silicon. Figure 4 outlines our recipe including the etch mask
Figure 3. CST-MWS transmittance simulation of inductive and capacitive meshes, two-layer ARC, and ARC-Si-mesh
FPI model.
depositions and silicon etches.
The double layer recipe begins by depositing and patterning the silicon dioxide etch mask which defines the
deepest metamaterial layer. A photoresist etch mask, which will define the uppermost metamaterial layer, is
then patterned on top of the silicon dioxide. The lithography steps are performed using an ABM contact aligner
or an ASML stepper, depending on the metamaterial feature sizes. The oxide is deposited using an Oxford
plasma enhanced chemical vapor deposition (PECVD) tool. The lower metamaterial geometry is then etched
using a PlasmaTherm Versaline DRIE. The oxide mask is then etched into a smaller etch mask using an Oxford
reactive ion etch (RIE) tool and the photoresist etch mask is removed with an Anatech oxygen plasma barrel
asher.
After etching for a given amount of time, the wafer is removed from the DRIE tool and the etch depths are
measured using a Zygo optical profilometer. After the profilometer measurements, the wafer is returned to the
deep silicon etcher and etching continues. By performing these measurements throughout the full etch depth,
the etch rate data can be acquired and used for precise control of the metamaterial layer thicknesses. In general,
we have found that both metamaterial layers etch at different rates and as the layers become deeper, their etch
rates slow. Characterizing the etch rates is key to successfully fabricating both metamaterial layers with their
proper thicknesses. The Bosch process27 used in our DRIE tools can etch to 1/3µm depth resolution. The Zygo
optical profilometer can measure depths with a resolution of up to 0.1 nm.
To clean the surface geometry and remove any sidewall passivation left from the first DRIE step, the wafer
surface is oxidized and etched using a buffered oxide etch of hydrofluoric acid. The upper metamaterial layer
is then etched into the silicon and the remaining silicon dioxide etch mask is removed. Figure 5 shows two
micrographs taken with a scanning electron microscope of double layer metamaterial coatings. The left image is
a geometry of concentric square holes with a pitch of 14µm, designed for a band centered at 102µm. The right
image is a geometry of concentric square pillars with a pitch of 171µm, designed for a band centered at 1 mm.
Figure 4. Double layer metamaterial ARC recipe based on DRIE.
Figure 5. SEM micrographs. Left: Double metamterial layer coating using square hole geometry, designed for 102µm
wavelengths. Right: Double metamaterial layer coating using square pillar geometry, designed for 1mm wavelengths.
4. FUTURE WORK
We are currently fabricating double layer ARCs and metal meshes on high-resistivity (ρ > 10, 000 Ω · cm) silicon
wafers. Their optical performance will be measured using a Fourier transform spectrometer (FTS) and compared
to CST-MWS simulations. The results will be used to iterate on the fabrication procedures and models until
measurements and simulations are in agreement. Single FPI mirrors will be fabricated by etching one side of a
high-resistivity wafer with a double layer ARC and patterning the other side with a metal mesh.
As an intermediate step in our fabrication process and to verify our modeling, we will fabricate a fixed FPI
device by patterning metal meshes on either side of a single high-resistivity silicon wafer, using the wafer as
the resonance cavity. FTS measurements of this sample will help to characterize the metal mesh and silicon
substrate performance. This device can also be used as a wavelength calibrator for other instruments since it
effectively acts as a multi-band narrow pass filter.
Modeling and fabrication techniques for superconducting meshes are in development. Samples will be fabri-
cated and characterized using a cryogenic FTS. Antireflection coated mirrors and fixed FPIs will be fabricated
and tested. We anticipate measuring decreased ohmic loss and increased FPI transmittance.
5. CONCLUSION
Fabrication of metal mesh reflectors and anti-reflection coated silicon surfaces have been demonstrated. In the
near future we combine the two to create high efficiency, broad-band mirrors for astrophysics. These fabrication
techniques are shown to be feasible for a large range of bandwidths from the far-IR to the millimeter. Fabrication
and measurements of metal mesh and anti-reflection coated silicon substrate mirrors is upcoming.
The silicon-substrate based mirrors that are developed here will be used in upcoming scanning FPI instru-
ments such as Prime-Cam in CCAT-prime and HIRMES in SOFIA. Other optical elements that could utilize these
modeling and fabrication techniques include silicon substrate metal mesh band-defining filters, anti-reflection
coated silicon lenses, metamaterial lenses, half-wave plates, or metamaterial dielectric high-reflectance mirrors.
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